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The Morris water maze is a task adapted from the animal spatial cognition 
literature and has been studied in the context of sex differences in humans, particularly 
because of the standard design, which manipulates proximal (close) and distal (far) cues. 
However, there are mixed findings with respect to the interaction of cues and sex 
differences in virtual Morris water maze tasks, which may be attributed to variations in 
the scale of the space and previously unmeasured individual differences. We explore the 
question of scale and context by presenting participants with an outdoor virtual Morris 
water maze that is four times the size of the mazes previously tested. We also measured 
lifetime mobility and mental rotation skills. Results of this study suggest that for the 
small-scale environment, males and females performed similarly when asked to navigate 
with only proximal cues. However, males outperformed females when only distal cues 
were visible. In the large-scale environment, males outperformed females in both cue 
conditions. Additionally, greater mental rotation skills predicted better navigation 
performance with proximal cues only. Finally, we found that highly mobile females and 
males perform equally well when navigating with proximal cues. 
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Males display a well-documented advantage in several spatial abilities 
assessments, in the majority of populations tested (Geary, 1996; Newcombe, 2010). 
While many hypotheses have been proposed to explain these differences, the sources of 
gender disparity in spatial skills remain unknown. The presented work uses the Morris 
water maze (Morris, 1984), a widely used spatial abilities test developed in the animal 
literature and adapted for humans, to examine the effects of scale and individual 
differences measures on the use of different spatial cues in navigation. Our aim is to 
determine if the scale of the environment, and individual differences measures that may 
have developed over time, such as mental rotation skills and mobility experience, can 
help explain the previously found sex differences in the visual cues used for navigation.     
Virtual versions of the Morris water maze task have been adapted for humans. 
However, there are mixed findings in regards to the interaction of sex differences and 
visual cue-types. Previous work has shown that in the presence of distant or directional 
cues (e.g., room geometry, mountains, landscape slant, and rivers) males displayed less 
heading direction error (Astur, Ortiz, & Sutherland, 1998; Xiaoqian J. Chai & Jacobs, 
2012), which is defined as deviation in viewing direction from the target, less overall 
time taken to find the target or latency (Astur et al., 1998; Astur, Tropp, Sava, Constable, 
& Markus, 2004; Ross, Skelton, & Mueller, 2006; Sandstrom, Kaufman, & A. Huettel, 
1998) and less distance traveled to find the target (Xiaoqian J. Chai & Jacobs, 2009) than 
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females. For prepubescent children, boys show less latency than girls in distant cue 
conditions (Newhouse, Newhouse, & Astur, 2007). However, the findings for virtual 
environments that include close or proximal cues (e.g., close indoor objects, bushes or 
trees) are mixed. In one study, no sex differences were found in latency when both distal 
and proximal cues were present (Sandstrom et al., 1998). Chai and Jacobs (2012) found 
no sex difference in heading direction error when proximal cues were present. Chai and 
Jacobs (2009) showed that males had fewer errors in distance between a remembered 
location of the target and the actual target’s location than females, in both distal and 
proximal cue conditions. However, the discrepancy between the sexes decreased in the 
proximal cue condition. Livingstone-Lee et al. (2011) found no difference in time taken 
to find the target between distal and proximal in their testing trial. Furthermore, these 
findings have mostly used computer-modeled environments in which the primary visual 
cues are created by the geometric perspective of small-scale rooms, mazes or grassy 
fields. Yet these types of visual settings do not accurately simulate the types of 
environments in which humans acquired spatial abilities: large-scale natural landscapes. 
As a result, it is unclear if maze performance in small spaces can be extended to larger 
spaces. Taken together, the previous work suggests that males have an advantage in 
navigation abilities, but further research is needed to determine if cue type and sex 
consistently interact and if these findings can be extended to large-scale natural 
environments.   
It could be the case that spatial skills that have developed through long-term 
navigation practice, or lack thereof, may also significantly contribute to performance on 
the water maze task. Ecuyer-Dab and Robert (2004) provided evidence that some spatial 
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abilities were related to home range size, a measure of mobility. They found that males in 
Montreal had larger home range sizes than females and that a larger range size for males 
was correlated with higher performance on three measures of spatial skills: mental 
rotation abilities, object location memory and the water-level task, which tests the 
participant’s ability to estimate the appropriate water-level for a tilted cup. For both 
genders, they found that range size correlated with the group embedded figures test, a 
spatial visualization task (Ecuyer-Dab & Robert, 2004). While their findings are 
promising, it may be the case that the effect of range size on women’s spatial abilities 
was not fully revealed by the spatial measures they used. For example, they did not test 
navigation-dependent spatial abilities, such as those utilized in the water maze task. This 
task directly tests navigation accuracy and may be more affected by measures of mobility 
such as range size. No current studies have used a measure of mobility to predict water 
maze performance in order to determine if advantages may be explained by increased 
navigational experience.  
Likewise, individual differences in mental rotation may also significantly 
contribute to sex differences in the maze task. In many societies tested, males have shown 
a strong advantage in mental rotation skills (Newcombe, 2010). However, previous work 
has reported inconsistent findings with regard to the relationship between mental rotation 
tests (MRT) and virtual maze performance. Ross et al. (2006) tested MRT in addition to 
maze performance but did not report correlations. Chai and Jacobs (2009) initially found 
MRT to be correlated with performance in both distal and proximal cue conditions, then 
later found no correlations in performance for either cue condition (Chai & Jacobs, 
2012). Other work has found that overall performance on the water maze task is 
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correlated with MRT abilities (Astur et al., 2004; Burkitt, Widman, & Saucier, 2007). In 
addition to the inconsistencies of these findings, MRT has yet to be used in a statistical 
model to account for navigation performance on the maze task over and beyond the 
previously found sex differences and cue preference.  
The aims of this study are twofold. First, we examine whether the previously 
found sex differences in cue preference can be generalized to a scenario that more closely 
simulates a real world navigation task in which humans may have evolved spatial skills, 
such as navigating in a large-scale, outdoor environment. We predict that in both the 
large- and small-scale mazes that males will show an overall advantage, but that in the 
proximal cue condition this advantage will decrease or no longer be present. These 
predictions would be in line with the finding of Chai and Jacobs (2009, 2012). Second, 
we will determine if performance on the maze task can be predicted by the individual 
differences measures of MRT and lifetime mobility. Starting with MRT, previous work 
has been inconsistent in regards to the relationship between this measure and 
performance on the virtual maze. We predict that MRT will be a significant predictor of 
maze performance, which would provide support for the previously reported relationship 
between mental rotation and navigation accuracy (Astur et al., 2004; Burkitt et al., 2007; 
Chai & Jacobs, 2009). While relatively less studied, we predict that a measure of lifetime 
mobility may also predict performance on the water maze.  Ecuyer-Dab and Robert 
(2004) provided evidence that range size and some spatial abilities are correlated. 
Motivated by this work, we predict that males and females who are more mobile will 
display enhanced navigation accuracy in the virtual maze task. Through these aims, we  
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hope to understand the effects of task parameters and individual differences on cue use in 
a virtual Morris maze task1. 
                                                
1 We also collected a measure of 3D-gaming experience, as previous research has 
reported this measure to have strong effects (Astur, Ortiz, & Sutherland, 1998; Astur, 









One hundred and eighty participants (54 M, 54 F) were recruited from the 
University of Utah undergraduate population. They were between the ages of 18 and 55, 
with a mean age of 23.  Fifty-four participants each were randomly assigned to either the 
large- or small-scale environments. 
 
Apparatus 
Two virtual mazes were created using video game design software (Unity 3D, 
2015). A Logitech Extreme 3D Pro Joystick was used to navigate in the virtual mazes 
that were displayed on a Dell monitor with 1920x1080 pixel resolution in sRGB color. 
The speed of movement, eye height, distance from the monitor, and room conditions 
were constant for all participants. Participants used the joystick to move forward and turn 
from left to right. Backward movement and changes in camera position (looking up or 
down) were not permitted, which is consistent with prior human and animal studies.   
 
Virtual Mazes 
In traditional virtual water maze tasks, the participants search in a small pool of 
water in a virtual room for a hidden platform, then their ability to return to the platform 
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with varying visual stimuli is measured. We decided to extend this paradigm to a search 
task that was more closely related to a navigation task that could occur in the physical 
world. Our task had participants navigate in a large grassy field and search for a grouping 
of red humming birds (see Figure 1). We then tested their ability to return to the location 
where they found the birds, but the birds were no longer visible. Adapted from Chai and 
Jacobs (2009, 2010, 2012), two modified virtual Morris water mazes were created that 
were contained by an invisible circular fence, which the participants were aware of and 
could not walk through. The fence was invisible so as to not obscure cues beyond the 
fence or to function as a proximal cue itself. The small-scale maze was 36.6 meters in 
diameter, and the large- was four times the size of the small-scale, 146.4 meters in 
diameter. Both had two conditions (proximal and distal visual cues). The proximal cue 
condition consisted of a grassy field with close trees, bushes and flowers of varying sizes 
and colors. The distal cue condition contained only cues over 100 meters beyond the edge 
of the fence, such as mountains, hills, sunset and clouds (see Figure 2).   
 
Lifetime Mobility 
We designed a lifetime mobility questionnaire that was intended to provide a 
broad description of the participant’s mobility. The questionnaire presented the 
participant with locations in Utah (local), and in the United States (national) and asked 
the participant to indicate to which locations he or she had traveled. The local locations 
were selected to provide a balanced distribution of locations that could be navigated to by 
car or public transportation, in addition to locations that were within walking or biking 
distance from the University of Utah. There were 41 locations, with a mean driving 
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distance from the University of Utah of 91.2 miles. To assess the participant’s mobility 
experience outside of Utah, the questionnaire prompted the participant to indicate if he or 
she had traveled to 13 regions in the US. In sum, the questionnaire included 54 locations 
and regions. 
 
Mental Rotation Test (MRT) 
We used a redrawn paper and pencil Vandenberg and Kuse MRT test from Peters 
et al.  (1995) that was created from figures originally provided by Shepard and Metzler 
(1971). In this test, participants selected two of four images that were rotated versions of 
a target image. Participants completed two sections consisting of 12 trials that were 3 
minutes in duration each. Performance was measured by the total number of trials for 
which both correct answers were selected. 
 
3D Gaming Experience 
Video gaming experience was measured on a scale from 0-4, zero being “Has 
never played 3D games” to “Plays 3D games more than twice per week.” 
 
Design and Procedure 
A 2 (sex: male and female) x 2 (scale: large and small) × 2 (cue type: distal and 
proximal) mixed design with the first two factors (sex and scale) as between-subjects and 
the last (cue type) as within-subjects was employed. Participants were randomly assigned 
to the large or small virtual environment condition, containing distal cues or proximal 
cues first, counterbalanced for order. Each participant also completed the MRT and 
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mobility questionnaire. After giving consent, participants were seated in front of the 
computer with a joystick. Distance from screen, image quality, and viewing angle were 
controlled for. This experiment was conducted in three phases. Phase one of this 
experiment was the practice period, in which participants gained experience using the 
equipment and joystick. Phase two was the learning period, in which participants were 
asked to locate a grouping of red birds in the virtual environment. Once the birds were 
located, participants were virtually transported back to the starting location. Phase three 
was the testing period, in which the birds were removed, and participants were asked to 
return to the location at which they found the birds, for six trials. Phases one-three were 
repeated in the second virtual environment with the other visual cue condition. 
Performance accuracy on this task was measured by recording x and y coordinates of 
their end location and calculating the Euclidean distance from the actual location of the 
birds (distance error). After completion of the water maze tasks, participants then 
completed the MRT and lifetime mobility questionnaire.   
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Figure 1. Example of the viewer’s perspective in the distal (top) and proximal (bottom) 
cue conditions. 




Figure  2. Schematic diagrams of the distal and proximal conditions, which show the 
visual cues and their locations from a top-down perspective in each condition.  
Participants never saw these diagrams. 
 









Two analyses were conducted: 1) A mixed-design ANOVA, to determine if 
females and males performed differently when presented with distal and proximal cues in 
adapted virtual Morris water mazes of two different scales, and 2) A linear mixed-effects 
analysis, to assess the influence of the participants’ lifetime mobility and MRT scores on 
maze performance. 
 
Virtual Maze Measures and Scale 
A two-factor mixed-design ANOVA was conducted on Euclidean distance error 
(in meters) averaged across trials for each participant, with sex and scale as the between-
subjects factors and cue type (distal cue, proximal cue) as the within-subjects factor and 
3D-gaming experience as a covariate. We found that males (M = 12.19, SE = 1.23) 
significantly outperformed females (M = 20.52, SE = 2.01), F(1, 103) = 20.242, p < 
.0001, partial η²  = .164. Additionally, greater error resulted for both males and females 
when viewing only distal cues (M = 22.59, SE = 1.57) compared to only proximal cues 
(M = 10.13, SE = 1.08), F(1, 103) = 39.430, p < .0001, partial η² = .277.  The large-scale 
maze produced significantly larger errors (M = 26.286, SE = 1.53) than the small-scale 
(M = 6.438, SE = .38), F(1, 103) = 287.036, p < .0001, partial η² = .735. There was also a 
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significant sex x scale interaction, F(1, 103) = 25.123, p < .0001, partial η² = .197, 
suggesting that female performance was hindered more by the large-scale maze than was 
male performance. However, this interaction should be interpreted by assessing the 
significant three-way interaction: sex x scale x cue-type, F(1, 103) = 4.724, p = .032, 
partial η² = .044. To interpret this interaction, we performed post hoc t-tests on individual 
components of the interaction. These analyses revealed that in the large-scale condition, 
men showed less error than females when presented with both proximal cues, t(52) = 
3.324, p = .002, and distal cues, t(52) = 7.342, p < .0001. However, in the small-scale 
condition males only had significantly less error than females when viewing distal cues, 
t(52) = 2.478, p = .017 and not proximal t(52) = 1.654, p = .106 (see Figure 3).  For the 
small-scale condition, this relationship replicates previous findings that showed 
significant differences in only the distal cue condition (Xiaoqian J. Chai & Jacobs, 2009, 
2012). In the large-scale condition, these findings replicate the findings that show a sex 
difference in both the distal and proximal cue conditions (Livingstone-Lee et al., 2011). 
 
Maze Measures, Mobility, and MRT 
To analyze the relationship between the individual differences measures and the 
maze performance, a linear mixed effects analysis in R (R Core Team, 2012) and lme4 
(Bates, Maechler, & Bolker, 2012) was conducted. For this analysis, distance error in the 
maze was scaled by creating a ratio between the size of the environment and the size of 
the error. We did this by dividing each participant’s error for each trial in the large-scale 
environment by four, which equated for the large-scale environment being four times 
larger than the small. This allows for both large- and small-scale environments to be 
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equally weighted when comparing to the individual differences measures. A log 
transformation was also performed on distance error to reduce a skewed distribution of 
residuals. For clarity, we present the untransformed data in all of the graphs. In the 
model, we entered 3D-gaming experience, Sex, Cue, Trial number2, Mobility score, MRT 
score, and the interactions Sex x Cue, Sex x Mobility, Cue x Trial, Cue x Mobility, Cue x 
MRT, and Mobility x Sex x Cue3. As random effects, we added a random intercept for 
each subject. Table 1 shows a summary of the fixed effects that were included in our 
model. 
Our results show a significant main effect of 3D-gaming, suggesting that as self-
reported 3D-gaming increases by one level that overall errors in the distal cue condition 
decrease by .150 meters.  There was a significant effect of trial, showing that participants 
performed better as the trials progressed for the distal condition, but this was qualified by 
a Trial x Cue interaction (see Figure 4). This interaction reveals that in the proximal cue 
condition errors decreased significantly more quickly as the trials progressed than in the 
distal cue condition.  There was also a significant MRT x Cue interaction (see Figure 5). 
This interaction reveals that as participants increase MRT performance, their errors when 
navigating with proximal cues decreased at a faster rate than with distal cues. 
                                                
2 Previous work has reported learning effects (Astur et al., 2004; Burkitt et al., 2007; 
Hamilton et al., 2002; Kallai, Makany, Karadi, & Jacobs, 2005; Livingstone-Lee et al., 
2011; Ross et al., 2006; Woolley et al., 2010), suggesting that as participants gain more 
experience with the task, their performance increases. This main effect of learning has 
been reported to vary for the different cue conditions (Newhouse et al., 2007; Sandstrom 
et al., 1998).  To control for these effects we included an interaction term to capture the 
difference in practice effects between distal and proximal cues (Trial x Cue). 
 
3 We used the following code in R: lmer(LogError ~ Game + Trial*Cue + MRT*Cue + 
Mobility*Sex*Cue + (1|Subject), REML=FALSE). P-values were obtained by using the 
normal approximations. 
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Finally, we found a significant three-way interaction between Sex, Cue, and 
Mobility (see Figure 6). To understand this interaction, we conducted a post hoc multiple 
linear regression analysis using a similar equation as described above but on proximal 
and distal cues separately; therefore interactions that included cue type had to be 
removed4. In the equation, we included 3D-Gaming, Trial, MRT, and the interaction of 
Mobility and Sex. Focusing on the interaction, we found a Mobility x Sex interaction the 
proximal cue condition, t(635) = 4.519, p < .0001, but not the distal cue condition, t(635) 
= 1.929, p = .054.  
To understand this interaction we looked at the difference in slopes for females 
and males in the proximal condition by computing separate linear regression equations 
for each sex, in which mobility predicted scaled log error. Using online software (Soper, 
2015), based on a method detailed in Cohen, Cohen, West, and Aiken (2002), a t-test was 
conducted showing that the female coefficient of -.028 was significantly different from 
the male coefficient of .001, t(644) = 4.27, p < .0001. This suggests that female 
performance on the virtual maze in the proximal cue condition increases (error decreases) 
with mobility experience, at a higher rate than in men (males show a slight increase in 
error with mobility).   
In sum, these analyses suggest that for women who navigated with proximal cues, 
increased mobility experience throughout a lifetime may result in better performance on 
the virtual maze task and this performance increases at a faster rate compared to men. A 
simple slopes analysis showed this interaction in another way. For low indicators of 
                                                
4 We used the following model for the distal and proximal conditions separately: 
lm(LogError ~ Game + Trial + MRT + Mobility*Sex). 
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mobility (1 standard deviation below the mean) changing from female to male resulted in 
a decreased log of scaled distance error (-SD) (b = -.183), t(638) = -7.752, p < .0001. For 
high indicators of mobility (1 standard deviation above the mean) changing from female 
to male resulted in no significant difference (-SD) (b = -.013), t(638) = -.539, p = .590. 
This suggests that highly mobile men and women performed equally well in the proximal 


















Figure 3. Mean absolute distance error as a function of distal or proximal cues and sex for 
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Table 1  
List of fixed effects with coefficients, standard errors and p-values from the statistical 
model. Coefficients for interactions including cue indicate the change from distal to 
proximal cues. Coefficients for interactions including sex indicate the change from 
female to male. * = < .05 
 
Fixed Effect  Estimate  Standard error  t-ratio  p-value 
3D-Gaming -0.150 0.04985 -3.01 .0025* 
Sex -0.782 0.29202 -2.67 .0073* 
Cue 0.687 0.22757 3.01 .0025* 
Trial -0.051 0.01647 -3.12 .0017* 
Mobility -0.002 0.00639 -0.40 .6836 
MRT 0.016 0.01117 1.43 .1503 
Sex x Cue -0.232 0.22795 -1.01 .3077 
Sex x Mobility 0.009 0.00923 1.04 .2938 
Cue x Trial  -0.058 0.02330 -2.51 .0119* 
Cue x Mobility -0.024 0.00503 -4.79 .0000* 
Cue x MRT -0.049 0.00881 -5.66 .0000* 
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Figure 5. Mean scaled distance error as a function of MRT scores for the distal and 
































Cue by MRT Interaction




Figure 6. Mean scaled distance error as a function of mobility scores for the males and 
females in the distal and proximal cue conditions. The gray bands indicate 95% 
confidence intervals. 
 








The current study offers two key findings: 1) Modifying the maze parameters 
(scale) affected performance on the virtual Morris maze, and 2) individual differences 
measures of MRT and mobility predicted maze performance more in the proximal cue 
condition and differently for females and males. With regard to the first finding, in the 
small-scale maze, we replicated the previously reported sex by cue interaction, showing 
that males only display an advantage when navigating with distal cues. However, this 
pattern did not extend to the large-scale maze. In the large-scale maze, males showed a 
strong advantage in both the proximal and distal cue conditions, which is consistent with 
the work of Livingstone-Lee et al. (2011). For the second finding, we showed that the 
rate of improvement in the proximal cue condition was greater as mental rotation abilities 
increased compared to the distal cue condition. Finally, we found that women who are 
highly mobile perform equally well compared to highly mobile men when they are 
navigating with proximal cues. Furthermore, in the proximal cue condition as mobility 
increased, the rate of female performance increased significantly more than male 
performance.     
The finding of a sex by cue interaction for the small- but not the large-scale 
environment may be due to the method used to create the large maze as a replica of the 
small maze, but four times the size. The relative distances between all of the cues in the 
   
 
23 
small maze were multiplied by four to create the larger maze. Typical cues were 5 meters 
apart in the small-scale and 20 meters in the large-scale. The attempt to keep the relative 
distances of the cues consistent and by not adding any additional cues to the larger maze 
or scaling the size of the cues may have resulted in females no longer being able to utilize 
their proximal cue advantage. This work suggests that two categories of cues (close and 
far) may not fully represent the spectrum of cues. For example, it is unclear at what 
distance a distal cue turns into a proximal cue or even if there is a switch in the way they 
are used. Chai and Jacobs (2009, 2010, 2012) propose that many cues such as mountains 
and the slope of the land function as a gradient of information, which provides bearing 
information that updates with movement. However, it remains unclear which features of a 
cue are implicated with revealing the large sex difference found in both animals and 
humans. Further work needs to be conducted to assess the distance, size, salience, and 
gradient of cues in a virtual Morris water maze to determine the specific components of a 
cue that enables navigation differently for males and females.  
Previous work has been inconsistent with regard to the relationship between 
mental rotation and performance on the water maze task. Our work supports the findings 
that MRT and maze performance are correlated, but only for the proximal cue condition 
(Astur et al., 2004; Burkitt et al., 2007; Xiaoqian J. Chai & Jacobs, 2009). However, our 
specific measure of maze performance was not consistent with that used by Astur et al. 
(2007). They found that mental rotation was correlated with the amount of time and 
distance taken to find a target, but not in their “probe” trial, which measured time spent in 
the correct quadrant and is the measure closest to our navigation accuracy measure. 
Burkitt et al. (2007) also found that mental rotation abilities were correlated with time 
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taken to find a target in a virtual Morris water maze.  However, both studies only used 
distal cues in their mazes and as a result it is unclear if correlations between both distal 
and proximal cue conditions would be found. Chai and Jacobs (2012) did assess the 
relationship between both cue conditions and MRT. They found that mental rotation 
abilities were correlated with navigation accuracy for both distal and proximal cues. Our 
findings, however, suggest that mental rotation ability primarily showed an effect in the 
proximal cue condition. This finding may be a product of the large distance difference 
between our distal and proximal cues compared to previous work.  The distal cues in our 
mazes were a minimum of 100 meters from the participant but ranged up to 400 meters 
away. Cues that are this far away move very little with respect to one another as the 
participants navigated. It is possible that mental rotation skills would not be particularly 
helpful in this circumstance. Close cues translate and rotate in relationship to one another 
as the participant moves. Having the capacity to imagine the relative orientations of 
visual cues to predict the location of an unseen target may be enabled by the ability to 
mentally rotate the cues.  
Finally and interestingly, finding that women who have traveled to more places in 
their lifetimes have increased performance when navigating with only proximal cues did 
not match our original predictions. We predicted that increased mobility would be helpful 
for both distal and proximal cue conditions.  It could be the case that females did not 
attend to or use the distal cues at all. A gaze analysis by Livingstone-Lee et al. (2011) 
showed that women primarily focus on proximal cues in a virtual Morris water maze 
task. It is possible that increased practice at navigation would not be helpful if they did 
not incorporate the cues. Further probing would be necessary to determine which 
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strategies women were using in the distal cue condition. It could be possible that our 
measure of mobility was not sensitive enough to the different types of navigation, which 
might be differentially helpful in each cue condition.  
In sum, this study supports the large body of research showing that males 
outperform females in some spatial abilities tests. While these sex differences are large 
and found in a variety of different species and human societies, our work suggests that 
the nature of the task and individual differences may interact with what has been 
suggested to be an evolutionary difference between males and females.  This work 
proposes that skills, which may be developed over a lifetime, may reduce some of the 
baseline sex differences in spatial abilities.  
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